A TAT-SNX9 peptide specifically blocks pSMAD3 nuclear import and profibrotic TGF-β signaling. We previously determined that SNX9 has an obligate role in mediating profibrotic TGF-β signaling dependent upon SMAD3 (24). In order to investigate colony formation, and cell migration; and (b) fibrotic changes associated with the bleomycin (BLM) and adenoviral models of lung fibrosis. Moreover, a 3-amino acid point mutant of the TAT-SNX9 peptide unable to bind pSMAD3 was ineffective in analogous in vitro and in vivo assays. Lysates from AKR-2B cells untreated (-) or stimulated (+) for 45 minutes with 5 ng/ml TGF-β were incubated with GST beads or the indicated fusion proteins immobilized on GST beads. Bound proteins were eluted and assessed by Western blot analysis for pSMAD3 or pSMAD2. Cell lysate reflects signal obtained from 10 μg total protein; the slower migrating band in the pSMAD3 lane is a nonspecific protein (right, representative of 3 separate experiments). (B) AKR-2B cells were transduced for 90 minutes with the indicated concentration of TAT peptide. Following washing and 1 hour TGF-β (5 ng/ml) treatment, nuclear fractions were isolated and assessed by Western blot analysis for pSMAD2, pSMAD3, or histone deacetylase 1 (HDAC) (left, representative of 3 separate experiments). Quantitation of nuclear pSMADs was performed with ImageJ software (NIH) and represents the mean ± SEM of 3 experiments (right). (C) Left panels: AKR-2B cells were incubated with vehicle (top panels) or transduced (bottom panels) as in B with TAT-SH3 or TAT-LC (1.8 μM). Following treatment with or without TGF-β (5 ng/ml) for 1 hour, immunofluorescence for SMAD3 or the HA-tagged TAT peptide was performed as described in Methods and nuclei were stained with DAPI. Upper and lower panels show 2 distinct microscopic fields for each condition. Original magnification in C: ×100. Right: quantitation of nuclear SMAD3 from 30 cells in each of 3 experiments. *P < 0.05; **P < 0.005; ***P < 0.0005, 1-way ANOVA followed by Dunnett's multiple comparisons test.
Introduction
Normal cellular proliferation is a complex process that requires the coordinated integration of both stimulatory and inhibitory growth factors. TGF-β, a 25-kDa homodimer prototypic of a family of proteins that regulate cell growth and differentiation, is unique in this regard since it is capable of both stimulating and inhibiting cell growth (1) (2) (3) . The response of cultured cells to TGF-β is divergent; mesenchymal cells are routinely growth stimulated by TGF-β, while the majority of other cell types are inhibited. Although there is some evidence for the activation of distinct signaling pathways in mesenchymal versus epithelial cultures (4) (5) (6) , the mechanism or mechanisms regulating this response are relatively unknown (7) (8) (9) .
The majority of cell types express 3 TGF-β-binding species referred to as type 1 (TβRI), type 2 (TβRII), and type 3 (TβRIII) receptors (10, 11) . Ligand binding to TβRII results in complex formation with TβRI, activation of TβRI Ser/Thr kinase activity, and subsequent downstream signaling (12, 13) . The primary mediators of TGF-β action are the SMAD proteins (14-16) SMAD2 and SMAD3, although non-SMAD responses are often observed (17, 18) . Once phosphorylated by TβRI, they most often form a heterotrimer consisting of 2 molecules of either SMAD2 or SMAD3 complexed with SMAD4 prior to undergoing nuclear translocation, where they function as comodulators of gene expression. Recently, we have extended this model and provide evidence that sorting nexin 9 (SNX9), a member of the PX/BAR subfamily of intracellular trafficking proteins (19) (20) (21) (22) (23) , has an obligate role in mediating phosphorylated SMAD3 (pSMAD3) nuclear import following ligand treatment (24) .
The sorting nexins consist of a large family of proteins that regulate a variety of intracellular trafficking activities (19, 21, 25) . We have recently determined that SNX9 (domain structure provided in Figure 1A ) binds to pSMAD3 and, together with importin 8 and importin β, promotes pSMAD3 (but not pSMAD2) nuclear import, soft agar colony formation, migration, and the induction of pSMAD3 target genes (24) . Although these actions are dependent upon SNX9's ability to bind phosphoinositides, they are independent of SNX9 homodimerization, differentiating canonical SNX9 function from this recently defined activity in regulating TGF-β signaling (24, 26, 27) .
Given that TGF-β has a fundamental role in normal tissue homeostasis/development as well as organ fibrosis and tumor development/progression (28) (29) (30) , it provides an opportune target to affect these actions and/or pathologies. Most of these approaches, however, have targeted either TGF-β receptor activity or the TGF-β ligand directly (31) (32) (33) . While both will clearly affect the cellular and/or organismal response to TGF-β, neither provides any discriminatory ability, as all TGF-β actions are affected. This concern is best exemplified in kidney fibrosis and skin cancer, where it has been documented that, while SMAD3 is profibrotic/procarcinogenic, SMAD2 is antifibrotic/anticarcinogenic (34, 35) . Thus, for some conditions, the aforementioned global approaches may be unwarranted and a strategy that specifically targets the causal pathway or pathways more efficacious. In the current study, we do just that by using a cell-penetrating peptide (CPP) (36) (37) (38) consisting of the HIV TAT protein fused to an N-terminal 31-amino acid SNX9 fragment found to bind and specifically inhibit pSMAD3 nuclear import and biologic action. The results show that, while this TAT-SNX9 peptide had no effect on TGF-β signaling mediated via pSMAD2 or luciferase activity stimulated by bone morphogenetic protein 4 (BMP4), EGF, or PDGF, it inhibited (a) TGF-β induction of pSMAD3 target genes, soft agar TGF-β is considered a master switch in the pathogenesis of organ fibrosis. The primary mediators of this activity are the SMAD proteins, particularly SMAD3. In the current study, we have developed a cell-penetrating peptide (CPP) conjugate of the HIV TAT protein that is fused to an aminoterminal sequence of sorting nexin 9 (SNX9), which was previously shown to bind phosphorylated SMAD3 (pSMAD3). We determined that specifically preventing the nuclear import of pSMAD3 using the TAT-SNX9 peptide inhibited profibrotic TGF-β activity in murine cells and human lung fibroblasts as well as in vivo with no demonstrable toxicity. TGF-β signaling mediated by pSMAD2, bone morphogenetic protein 4 (BMP4), EGF, or PDGF was unaffected by the TAT-SNX9 peptide. Furthermore, while the TAT-SNX9 peptide prevented TGF-β's profibrotic activity in vitro as well as in 2 murine treatment models of pulmonary fibrosis, a 3-amino acid point mutant that was unable to bind pSMAD3 proved ineffective. These findings indicate that specifically targeting pSMAD3 can ameliorate both the direct and indirect fibroproliferative actions of TGF-β.
Cell-penetrating peptides selectively targeting SMAD3 inhibit profibrotic TGF-β signaling Figure 1 . SH3 domain of SNX9 specifically binds pSMAD3 and prevents nuclear import. (A) Schematic depicting domains in FL SNX9 and constructs used for GST pull-down assays (left). Lysates from AKR-2B cells untreated (-) or stimulated (+) for 45 minutes with 5 ng/ml TGF-β were incubated with GST beads or the indicated fusion proteins immobilized on GST beads. Bound proteins were eluted and assessed by Western blot analysis for pSMAD3 or pSMAD2. Cell lysate reflects signal obtained from 10 μg total protein; the slower migrating band in the pSMAD3 lane is a nonspecific protein (right, representative of 3 separate experiments). (B) AKR-2B cells were transduced for 90 minutes with the indicated concentration of TAT peptide. Following washing and 1 hour TGF-β (5 ng/ml) treatment, nuclear fractions were isolated and assessed by Western blot analysis for pSMAD2, pSMAD3, or histone deacetylase 1 (HDAC) (left, representative of 3 separate experiments). Quantitation of nuclear pSMADs was performed with ImageJ software (NIH) and represents the mean ± SEM of 3 experiments (right). (C) Left panels: AKR-2B cells were incubated with vehicle (top panels) or transduced (bottom panels) as in B with TAT-SH3 or TAT-LC (1.8 μM). Following treatment with or without TGF-β (5 ng/ml) for 1 hour, immunofluorescence for SMAD3 or the HA-tagged TAT peptide was performed as described in Methods and nuclei were stained with DAPI. Upper and lower panels show 2 distinct microscopic fields for each condition. Original magnification in C: ×100. Right: quantitation of nuclear SMAD3 from 30 cells in each of 3 experiments. *P < 0.05; **P < 0.005; ***P < 0.0005, 1-way ANOVA followed by Dunnett's multiple comparisons test. jci.org Volume 127 Number 7 July 2017 sion of this fragment could act in trans as a dominant inhibitor of pSMAD3 nuclear uptake. To address this issue, constructs were prepared expressing either the SNX9 SH3 or LC domains fused to the cell-penetrating TAT peptide from HIV (39) . Subsequent to TAT peptide transduction, cultures were treated with TGF-β and nuclear accumulation of pSMAD2 or pSMAD3 determined. As shown in Figure 1B and Supplemental Figure 2 , while the TAT-SH3 peptide inhibited nuclear import of pSMAD3 in a dose-dependent manner and increased cytoplasmic pSMAD3, it had no effect on pSMAD2. Furthermore, consistent with the inability of the LC domain to bind receptorregulated SMADs (R-SMADs) ( Figure 1A) , it was similarly ineffective in modulating nuclear translocation ( Figure 1B ). These biochemical findings were independently confirmed using immunofluorescence ( Figure 1C and Supplemental Figure 3 ). While the results of Figure 1 and Supplemental Figure 2 show that TAT-SH3 peptides are capable of inhibiting the nuclear accumulation of pSMAD3 following TGF-β addition, they do not address the functional impact of this response. To investigate whether this loss was sufficient to inhibit SMAD3-mediated responses, the studies shown in Figure 2 were performed. AKR-2B cells were transfected with luciferase constructs whether pSMAD3 bound to a defined region or regions in SNX9, glutathione S-transferases (GST) fusion constructs encoding either the amino (e.g., SH3 and low-complexity [LC] domains) or carboxyl (e.g., Phox and BAR domains) half of SNX9 were generated and pull-down assays for pSMAD3 performed. While elements within the Phox and BAR domains were unable to bind pSMAD3, equivalent pSMAD3 binding was observed with GST-full-length (GST-FL) SNX9 and the amino terminal fragment (data not shown). To define this interaction further, we generated 2 overlapping amino terminal fragments. As shown in Figure 1A , while equivalent pSMAD3 binding was observed with constructs expressing FL SNX9 or the first 74 amino acids encoding the SH3 domain, the LC domain showed only minimal binding. Of note, no pSMAD2 association was observed for any of the constructs, nor did FL SNX9 bind BMP4-stimulated pSMAD1/5/8 ( Figure 1A and Supplemental Figure 1 ; supplemental material available online with this article; https://doi. org/10.1172/JCI88696DS1).
SNX9 was previously shown to be required for the nuclear import of pSMAD3, but not pSMAD2 (24) . Since the SNX9 SH3 domain was capable of binding pSMAD3 similarly to the FL protein ( Figure 1A) , we next determined whether expres- Figure 4E ) or SMAD2/SMAD3 phosphorylation (Supplemental Figure 6 ) and profibrotic TGF-β signaling in primary human lung fibroblasts (normal and IPF) was similarly inhibited by TAT-SH3-2, but not TAT-SH3-2M ( Figure 5 ). Finally, to further document that the aforementioned in vitro actions of the TAT peptides were specific and did not reflect a toxic response, MTT and cell proliferation assays were performed on AKR-2B cells and MRC5 human lung fibroblasts under optimal (e.g., 10% FBS) as well as stressful (e.g., 0.1% FBS) growth conditions. As shown in Figure 6 , there was no effect of either the SH3-2 or SH3-2M peptide on any of these responses.
CPPs that block pSMAD3 action are effective in treatment models of pulmonary fibrosis. The preceding data (Figures 1-6 ) document that a CPP encoding a defined region of SNX9 inhibits TGF-β-stimulated biochemical, transcriptional, and biological actions dependent upon pSMAD3. Furthermore, (a) the degree of inhibition is analogous to that obtained with a small molecule inhibitor of the TβRI kinase; (b) SMAD2-, SMAD1/5/8-(e.g., BMP), EGF-, and/or PDGF-stimulated responses are unaffected; and (c) this occurs independently of any general inhibition of cell growth. In that the profibrotic actions of TGF-β are primarily mediated via SMAD3 (29, 35, 43) , we extended these findings in vivo using treatment models of lung fibrosis initiated by intratracheal administration of BLM or adenovirus expressing active TGF-β1 where intervention was started following the resolution of inflammation and initiation of fibrotic changes (44) (45) (46) .
Initial studies were done using BLM, as it is the most common and robust method to induce fibrotic changes. As shown in Figure 7 , A and B, and Supplemental Figure 7 , while intraperitoneal administration of TAT-SH3-2 improved lung histology, reduced interstitial fibronectin to essentially basal levels, and showed a dosedependent diminution in total collagen production induced by BLM, the mutant TAT peptide (TAT-SH3-2M) unable to bind and inactivate pSMAD3 actions had no significant effect and neither peptide showed any demonstrable toxicity when administered to control (e.g., intratracheal saline) lungs. Analogous findings on lung fibrosis were observed by quantitative PCR (qPCR) when the expression of 6 profibrotic gene targets (e.g., collagen
, and α-smooth muscle actin [Acta2]) was examined ( Figure 7C ). While the preceding data provide evidence that by inhibiting pSMAD3 action, various targets mediating the fibroproliferative actions of TGF-β can be inhibited, a critical question is whether these biochemical and molecular changes reflect similar improvements in lung function. To address this issue, peripheral blood oxygen saturation (SpO 2 , on room air) was determined ( Figure 7D ). While vehicleor SH3-2M-treated (e.g., the inactive TAT-SNX9 peptide) animals showed an approximate 25% decrease in SpO 2 during the treatment regime, a dose-dependent improvement in gas exchange was observed with TAT-SH3-2 such that animals receiving the highest concentration displayed no additional loss of lung function. Thus, responsive to either SMAD3, SMAD2, or BMPs and the impact of inhibiting pSMAD3 nuclear import by TAT-SH3 determined. While SMAD3-dependent luciferase activity was inhibited by approximately 70%, no discernible effect on either SMAD2 or SMAD1/5/8 (e.g., BMP) signaling was observed (Figure 2A ). These luciferase results were extended both transcriptionally and biologically, as shown in Figure 2 , B and C, respectively. While SMAD3 targets and TGF-β-stimulated anchorageindependent growth in soft agar (anchorage-independent cell growth [AIG]) were inhibited by transduction with TAT-SH3, induction of the SMAD2-regulated matrix metalloproteinase 2 (Mmp2) gene was unaffected and, as expected, the negative control TAT-LC peptide was inert for all responses.
The preceding figures show that expression of the SH3 domain from SNX9 can function in trans as a specific inhibitor of SMAD3-regulated responses. We extended these findings by, first, further defining the functional motif or motifs in the SH3 peptide regulating SMAD3 signaling and, second, generating and testing, both in vitro and in vivo, a mutant SH3 peptide unable to bind pSMAD3. To address the first of these issues, 3 overlapping 25-31 mer TAT-SH3 peptides were constructed and tested for their ability to bind pSMAD3 in cell lysates prepared from TGF-β-treated cultures. As shown in Figure 3 , A-C, and Supplemental Figure  4 , TAT-SH3-2 (encoding SNX9 amino acids 21-51) specifically bound pSMAD3 to a degree similar to that of the FL SH3 peptide, prevented pSMAD3 nuclear import, and increased cytoplasmic pSMAD3. Moreover, TAT-SH3-2 not only decreased SMAD3-dependent transcriptional and biological responses, but the inhibition was shown to be dose dependent (Supplemental Figure 5 ) and analogous to that observed with the TβRI kinase inhibitor SB431542 (Figure 3, D and E) .
To define the element further, 3 additional overlapping 15-or 16-mer TAT-SH3-2 peptides were generated and were assessed for whether they could inhibit pSMAD3 nuclear translocation. While activity similar to that obtained with SB431542 was observed with the TAT peptide encoding amino acids 27-42 (data not shown), additional studies revealed that the 16 mer did not provide as consistent responses as the 31 mer encoded by TAT-SH3-2. These studies did, however, suggest that point mutations in a highly conserved glycine-rich region previously shown to mediate protein/ protein interactions (40-42) might similarly be effective in blocking the inhibitory actions of TAT-SH3-2. This was directly tested, as shown in Figure 4 . While TAT-SH3-2, as expected (Figure 3) , bound pSMAD3 and prevented TGF-β induction of SMAD3 targets, such as connective tissue growth factor (Ctgf), plasminogen activator inhibitor 1 (PAI-1), and Smad7, to a degree similar to that of SB431542 inhibition of TβRI, point mutations in amino acids 36-38 (TAT-SH3-2M) abolished both pSMAD3 binding and inhibition of target genes ( Figure 4, A and B) . Identical results were observed when SMAD3-regulated biological responses were examined in the presence of TAT-SH3-2 (inhibits) or TAT-SH3-2M (no effect, not inhibitory) (Figure 4, C and D) .
To further document the specific action of TAT-SH3-2 on SMAD3 action, we next addressed the impact of the TAT-SNX9 peptides on (a) luciferase activity stimulated by BMP4-, EGF-, or PDGF-responsive reporters ( Figure 4E) ; (b) the kinetics and extent of R-SMAD phosphorylation (Supplemental Figure 6) ; by inhibiting a critical signaling component of TGF-β action, a substantial aspect of normal lung physiology is maintained.
The previous data show that inhibition of SMAD3 action using CPP technology markedly affects profibrotic TGF-β signaling both in vitro and in vivo independently of any effect on cell proliferation. To further characterize the generality of these findings, we examined the systemic in vivo toxicity of the effective TAT-SNX9 peptide and extended our BLM results in another model of murine lung fibrosis. As shown in Figure 8 , TAT-SH3-2 treatment had no toxic effect on either inflammatory cell recruitment or liver function in the BLM model. In fact, the TAT peptide restored inflammatory cell and alanine aminotransferase levels to control values when given to BLM-treated mice. Finally, to further confirm our in vivo findings, we employed intratracheal adenoviral delivery of active TGF-β1 as developed by Sime et. al. (46) . In that this model is not as robust as using BLM, the only difference (e.g., besides the initiating agent) is that we waited 3 weeks (instead of 2 weeks) prior to beginning treatment with the TAT peptides. This simply reflected the aforementioned robustness, as additional time was needed to see a significant impairment in lung function (e.g., as assessed by the decrease in peripheral blood oxygenation). Data are provided ( Figure 9 ) documenting similar physiologic and molecular effectiveness of TAT-SH3-2 (but not the control TAT-SH3-2M) in treating pulmonary fibrosis in the adeno model as seen with BLM.
Discussion
Fibroproliferative disorders are a leading cause of high morbidity and mortality and surround a wide spectrum of pathological conditions featuring localized or systemic tissue/organ fibrosis. Management of these diseases remains an ongoing challenge due to their inherently complex and often undefined etiology (47) (48) (49) (50) . Although significant advances in delineating the molecular events leading to fibrosis have recently occurred (50-52), attempts to devise efficient therapeutic treatments in clinical contexts have generally met with limited success (48, 50, 53) . In that upwards of nearly 45% of all deaths in the developed world are attributed to some chronic fibroproliferative disease (49) , new approaches are clearly needed.
TGF-β plays a significant role in the generation and/or maintenance of organ fibrosis primarily via the actions of pSMAD3 (4, 35, 44, (54) (55) (56) . While we are unaware of any patient-based data for abnormal SMAD3 or TGF-β signaling in IPF, the ability to specifically affect pSMAD3 function could provide a means for modulating the pathophysiologic aspects of TGF-β signaling while maintaining other homeostatic activities. To that end, our recent report showing an obligate role for SNX9 in promoting pSMAD3 nuclear import provides such an opportunity (24) . In the current study, we extend this finding by first, identifying the domain within SNX9 required for binding pSMAD3 and second, determining whether a cell-permeable construct expressing this peptide could prevent pSMAD3 nuclear translocation and subsequent profibrotic TGF-β action in vitro as well as in vivo.
Peptides as drugs have advantages as well as disadvantages compared with other small molecules (37, 57) . Most importantly, peptides can be designed to bind with high specificity to their in vivo targets and have relatively few off-target side effects. While the market for peptide-based drugs is currently estimated at more than 40 billion per year (57), a major limiting factor is the permeability barrier imposed by the plasma membrane (36) (37) (38) . To overcome that limitation, over 100 peptide sequences have been identified capable of transporting bioactive molecules (38, 58) . One of the most promising delivery vehicles is the TAT protein transduction domain of HIV-1. It has been used to deliver a wide variety of cargo into cells and has shown efficacy in preclinical models in vivo (38, 59, 60) . In addition, several clinical trials are currently underway using TAT-mediated delivery (57, (60) (61) (62) (63) (64) , although no therapy as of yet has received FDA approval, as issues associated with efficacy, bioavailablilty, and targeting remain primary challenges.
In this study, we generated TAT fusion peptides from the SH3 domain of SNX9 shown to bind pSMAD3 ( Figure 1A , Figure 3A , and Figure 4A ) and examined their effect on profibrotic TGF-β signaling. While pSMAD3 nuclear import, targets, and dependent biologies were inhibited (Figures 1-5 and Supplemental Figure 5 ), pSMAD2 signaling was unaffected ( Figure 1B; Figure 2 , A and B; Figure 3 , B and D; and Figure 4B ). Furthermore, a 3-amino acid mutant (TAT-SH3-2M) unable to bind pSMAD3 was similarly unable to affect pSMAD3 actions (Figure 4 , Figure 5 , and Supplemental Figure 5 ). As the SNX9 SH3 domain is known to have a number of binding partners including dynamin 2, CDC42-associated kinase, WASp, and ITCH (19, 20, 22, 23) , we further addressed this issue by demonstrating a lack of SNX9 association with pSMAD1/5/8 (Supplemental Figure 1) and no inhibitory effect or effects of TAT-SH3 peptides on BMP4-, PDGF-, or EGF-responsive reporters (Figure 2A and Figure 4E ) as well as SMAD2 or SMAD3 phosphorylation (Supplemental Figure 6 ) or serum-dependent growth ( Figure 6 ).
While the aforementioned response of specifically inhibiting pSMAD3 action is important, a critical question is whether 
. A point mutant of TAT-SH3-2 abolishes the inhibitory action on SMAD3 responses. (A) Schematic depicting TAT peptide constructs (left).
Asterisks in SH3-2M (mutant) reflect G to V mutation at amino acids 36-38. His pull-down of pSMAD3 bound to TAT peptides was performed as in Figure  3A (middle, representative of 3 separate experiments). AKR-2B cells were transduced for 90 minutes with 1.5 μM TAT-SH3-2, TAT-SH3-2M, or TAT-LC. Western blot analysis was performed for the indicated proteins following 24-hour treatment in the absence (-) or presence (+) of TGF-β (5 ng/ml) or SB431542 (10 μM) (right, representative of 3 separate experiments). (B) qPCR of SMAD3-responsive (Ctgf and Smad7) and SMAD2-responsive (goosecoid and Mixl1) genes as in Figure 3D . Data reflect mean ± SEM from 3 experiments. (C) Scratch assays were performed on AKR-2B cells as described in Methods following transduction with the indicated TAT peptides (1.5 μM) or addition of SB431542 (10 μM). Red bands indicate the leading edge following 24 hours in the absence (control) or presence of 5 ng/ml TGF-β and are representative of 3 separate experiments. Original magnification: ×100. (D) Soft agar colony formation as in Figure 3E . Data reflect the mean ± SEM of triplicate wells from 3 experiments. (E) AKR-2B cells were transiently transfected with a BMP-responsive (BRE), EGF-responsive (SRE), or PDGF-responsive (MMP-1) reporter construct and luciferase activity determined following 12-hour incubation in the absence (-) or presence (+) of the indicated ligand (10 ng/ml BMP4, EGF, or PDGF), inhibitor (10 μM dorsomorphin; 3 μM lapatinib; 2 μM CP868), or TAT peptide (1.5 μM). Data represent the mean ± SEM of duplicate samples from 3 separate experiments.*P < 0.05; **P < 0.005; ***P < 0.0005, 1-way ANOVA followed by Dunnett's multiple comparisons test. jci.org
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er these findings will reflect lung function in humans. Whether such levels of oxygenation indicate improvement in humans in IPF will need to be tested in clinical trials.
In conclusion, the present study demonstrates that biologically active peptides can be effectively delivered to inhibit a defined component of profibrotic TGF-β signaling in murine AKR-2B cells, human MRC5 fibroblasts, primary NHLF and IPF cultures, and 2 murine models of lung fibrosis. Such findings provide proof of concept that by specifically targeting pSMAD3, the profibrotic actions of TGF-β can be decreased. In order for such an approach to be extended further, additional cell line assessment as well as pharmacokinetic data on the CPPs are required. If, however, such information is forthcoming and analogous findings are observed in other disease models, this would provide the preclinical support/justification to target specific pathophysiologic mechanisms. such in vitro findings are similarly manifested in vivo. To address that issue, we utilized 2 distinct treatment models of lung fibrosis where test agents are administered following the initiation of fibrotic changes dependent upon pSMAD3 (44) (45) (46) . Consistent with our in vitro findings, administration of the TAT-SH3-2 peptide not only diminished the expression of profibrotic genes ( Figure 7 , A-C, Supplemental Figure 7B , and Figure 9 , B and C) in the absence of any demonstrable systemic toxicity ( Figure  8 and Supplemental Figure 7A ), but stabilized lung function as assessed by peripheral blood oxygenation in a pSMAD3-binding and dose-dependent manner ( Figure 7D and Figure 9A ). These results not only provided a physiologic readout consistent with our biochemical and molecular data, but in addition, pulseoximetry has been shown to accurately predict lung pathology in numerous animal models (65) (66) (67) (68) . It is currently unclear wheth- Figure 1 . TGF-β (5 ng/ml) or SB431542 (10 μM) was then added for an additional 24 hours. Images were obtained on an LSM510 confocal microscope following F-actin labeling with phalloidin-TRITC and DAPI nuclei staining. Photographs are representative of 3 separate experiments. Scale bars: 10 μm. (B) Western blot analysis (representative of 3 separate experiments) for the indicated proteins subsequent to TAT peptide transduction (1.5 μM) and 24-hour treatment in the absence (-) or presence (+) of TGF-β (5 ng/ml) or SB431542 (10 μM). (C) NHLF or IPF fibroblasts were treated as in A and qPCR performed as described in Methods and Figure 3D . Results represent mean ± SEM from 3 independent experiments. ***P < 0.0005, 1-way ANOVA followed by Dunnett's multiple comparisons test. jci.org Volume 127 Number 7 July 2017 37°C. Following monolayer disruption using a sterile 200-μl pipette tip, the medium was changed to 0.5% FBS/DMEM and transduced for 90 minutes with the indicated TAT peptide. After transduction, cells were incubated in the presence or absence of TGF-β (5 ng/ml) for 24 hours. Images (×100) were taken at 24 hours. Luciferase reporter assays. For luciferase assays, 2 × 10 5 cells were plated in 6-well plates. The next day, cells were transfected with 2 μg (3TP, BRE, SRE, and MMP1) or 1.5 μg (ARE; plus 1.5 μg FAST1) of the indicated luciferase constructs together with 0.5 μg CMV-β-galactosidase with TransIT-2020 reagent (Mirus Bio). Following 18 to 24 hours of incubation, the medium was changed to 0.5% FBS/DMEM containing the indicated TAT fusion proteins for 90 minutes. After transduction, cultures were incubated in the presence or absence of 5 ng/ml TGF-β for 12 hours. Cells were harvested in 200 μl of reporter lysis buffer (Promega) and luciferase activity determined in a Berthold Lumat 9507 luminometer after normalization for transfection efficiency by detecting β-galactosidase activity with chlorophenol red-β-d-galactopyranoside (CPRG) and measuring substrate conversion at 562 nm. Immunofluorescent microscopy. AKR-2B cells (2 × 10 4 ) were plated onto coverslips in 6-well plates with 10% FBS/DMEM and incubated overnight at 37°C. Cultures were placed in 0.5% FBS/DMEM and transduced with TAT fusion peptides for 90 minutes. After transduction and addition of TGF-β (5 ng/ml) for 1 hour, cells were processed as previously described (24) . SMAD3 was detected using anti-AF488 (green; A11001), while the TAT peptide HA tag was visualized with anti-AF-594 (red; A11012) secondary antibody, both from Invitrogen. Fluorescence images were collected on an LSM510 confocal microscope (Carl Zeiss Microimage Inc.). For primary human lung fibroblasts, 1 × 10 5 cells were seeded onto coverslips in 0.5% FBS/FGM-2 medium. Following overnight incubation at 37°C, cultures were treated with TAT peptides and TGF-β as indicated prior to phalloidin staining according to the manufacturer's recommendation (Sigma-Aldrich).
Methods
Cell culture. AKR-2B cells (Sigma-Aldrich) were grown in DMEM supplemented with 10% FBS. Prior to processing for Western blotting or PCR, 2.5 × 10 5 cells were seeded on 6-well plates and incubated overnight at 37°C. The next day, the medium was replaced with 0.5% FBS/ DMEM and cells were transduced for 90 minutes with the indicated TAT peptide. After transduction, cells were incubated with or without TGF-β (5 ng/ml) for the indicated times in 0.5% FBS/DMEM. Primary NHLF and IPF fibroblasts were obtained from Lonza and grown in FGM-2 medium containing 2% FBS. Cultures were treated as above following overnight incubation in 0.5% FBS/FGM-2 medium and used within the first 2 passages. MRC5 human lung fibroblasts (ATCC) were grown in EMEM (ATCC) supplemented with 10% FBS. Generation of TAT fusion proteins. TAT fusion proteins were prepared from BL21(DE3)pLysS E. coli (OD 600 of 0.4) as previously described (24) . Following addition of isopropyl-d-thiogalactopyranoside to a final concentration of 0.5 mM and 4 hours induction at 37°C, lysates were prepared and the precleared supernatant poured into a TALON Metal Affinity Resin Column (Clontech). Proteins were eluted (50 mM sodium phosphate, 300 NaCl, and 150 mM imidazole, pH 7.4) and dialyzed against PBS using a Slide-A Lyzer MINI Dialysis Unit (Thermo Scientific). Results are shown in Figures 1-5 and Supplemental Figures 1-6 . For toxicity and animal studies ( Figures 6-9 and Supplemental Figure 7 ), peptides were synthesized and purified by the Mayo Proteomics Core.
Soft agar and scratch assay. Soft agar assays were performed as previously described (69) . Briefly, 1 × 10 4 cells were transduced for 90 minutes with the indicated TAT peptide and seeded in a 6-well plate in the presence or absence of 20 ng/ml TGF-β (R&D Systems). Following 7 days growth at 37°C, the number of colonies more than 50 μm in diameter were counted using an Optronix Gelcount (Oxford Optronix). For scratch assays, cells were seeded into 6-well plates (4 × 10 5 cells/well) in 10% FBS/DMEM and incubated overnight at or TALON Metal Affinity Resin and 2-hour incubation, the pelleted (3,000 g; 10 minutes) resin was washed several times with PBS and the remaining proteins eluted using 1× Laemmli sample buffer. Western blotting was as described above.
Isolation of cellular fractions. Nuclear extracts were prepared using NE-PER Nuclear and Cytoplasmic Extraction Kits for Cultured Cells (Thermo Fisher Scientific) with the addition of cOmplete Protease Inhibitor (Roche) to the lysis buffers. Following removal of the cytoplasmic extract, the nuclear pellet was washed 3 times in PBS containing cOmplete before nuclear lysis and Western blot analysis.
Murine BLM model of pulmonary fibrosis. Animals were maintained under standard laboratory conditions on a 12-hour light/12-hour dark cycle supplied with chow and water ad libitum, and interventions were performed during the dark cycle. Female 18-20 g C57BL/6 mice (Charles River Laboratories) were administered BLM (0.075 U diluted in 50 μl 0.9% normal saline) or 50 μl 0.9% normal saline alone by tracheal instillation using an intratracheal aerosolizer (Penn-Century Inc.) as previously described (44) . At this time, animals were shaved around the collar region to allow monitoring of dissolved oxygen levels (every third day) on room air using a MouseOX Collar Clip Monitoring System (Starr Life Science Corp.). TAT peptides were solubilized with DMSO and prepared by thoroughly blending with METHOCEL (Sigma-Aldrich) at a ratio of 1:7. Mice were treated daily by intraperitoneal injection (100 μl) with the indicated concentration (mg/kg) of TAT peptide or an equal volume of METHOCEL/saline (vehicle) beginning on day 14. On day 28, mice were euthanized, lungs dissected, and samples prepared for immunohistochemistry and other analyses as described (44, 70, 71) .
Quantitative RT-PCR analysis. Following TGF-β stimulation, total RNA was isolated using Rneasy Plus Mini Kit (QIAGEN) and 1 μg reverse transcribed with the SuperScript III Reverse Transcriptase System (Invitrogen). Complementary DNAs were subjected to qPCR with Platinum SYBR Green qPCR SuperMix-UDG (Invitrogen) or TaqMan gene expression analysis (Thermo Scientific). Primers are presented in Supplemental Table 1 . Sample induction for qPCR was normalized to histone H3 (in vitro samples) or β-actin (in vivo samples) while reverse-transcription PCR (RT-PCR) ( Figure 2B ) was normalized to GAPDH.
Western blotting. Cells were lysed for 30 minutes on ice in RIPA buffer (50 mM Tris, pH 7.4, 1% Triton-X 100, 0.25% sodium deoxycholate, 150 mM NaCl, 1 mM EDTA, pH 8, and 10 mM NaF) containing cOmplete Protease Inhibitor (Roche). Insoluble material was removed by centrifugation at 18,000 g for 10 minutes and 10-25 μg protein separated by 10% SDS-PAGE. Commercial antibodies are provided in Supplemental Table 2 . Rabbit anti-phospho-SMAD3 and anti-phospho-SMAD2 antibodies were generated in our laboratory to the peptides COOH-GSPSIRCSpSVpS and COOH-CGSPSVRCSp SMpS, respectively, and used at 1/2,000 dilution. See complete unedited blots in the supplemental material.
GST and His pull-down. GST-and TAT-His fusion proteins were purified using Glutathione Superflow or TALON Metal Affinity Resin following the manufacturer's instructions (Clontech). To assess SNX9 binding to GST or His constructs, cells were incubated in the presence or absence of 5 ng/ml TGF-β for 45 minutes. Following RIPA buffer lysis, 500 μg of protein was precleared with GST Resin or TALON Metal Affinity Resin for 2 hours at 4°C. Precleared cell lysates were then treated with 5 μg purified GST or His fusion proteins and incubated overnight at 4°C with gentle shaking. Following addition of GST Figure 8 . TAT-SH3-2 has no demonstrable effect on murine liver enzymes or inflammatory cell recruitment. C57BL/6 mice were treated as described in Methods and Figure 7 . On day 14, all animals began daily treatment with either vehicle (METHOCEL/saline) or 1.0 mg/kg of TAT-SH3-2. Blood samples were obtained at days 0, 14, and 28 from the facial vein of unanesthetized animals and assessed for effect on the indicated liver enzymes and inflammatory cells. Serum levels of alkaline phosphatase (ALP), alanine aminotransferase (ALT), and albumin were determined using a Piccolo Xpress Chemistry Analyzer. Quantification of lymphocytes, monocytes, and neutrophils was measured using a VetScan HM5 Analyzer. The Toxicology and Pharmacology Laboratory in the Department of Molecular Medicine at the Mayo Clinic performed all analyses. Data are presented as mean ± SEM of n = 5.
Murine adenoviral TGF-β model of pulmonary fibrosis. Studies analogous to those described above for the BLM model were used with the sole exceptions being the following: (a) 1 × 10 8 PFUs of replication-deficient adenovirus encoding active porcine TGF-β1 (Ad5TGF-β) or GFP as a control protein (Ad5GFP) in 50 μl 0.9% normal saline was administered into the distal trachea on day 0; (b) treatment began on day 21; and (c) mice were sacrificed on day 35. Christopher H. Evans (Mayo Clinic) provided adenovirus expressing GFP and active porcine TGF-β1. Hydroxyproline assay. The Hydroxyproline Assay Kit from SigmaAldrich was used to assess total lung collagen levels. Briefly, following sacrifice, lung tissue was washed in PBS and 30 mg homogenized in 300 μl water. Samples of 100 μl were hydrolyzed in 12 M HCl and duplicate samples of 50 μl analyzed according to the manufacturer's recommendations.
Statistics. All data were evaluated for statistical significance between experimental and control groups using 1-way ANOVA (with Dunnett's multiple comparisons) and/or Student's t test (2-tailed) . P values of less than 0.05 were considered statistically significant, and all values are reported in Supplemental Table 3 . Analyses were all performed with GraphPad Prism software (version 7.02).
Study approval. All animal studies were approved by the Mayo Data reflect mean ± SEM of n = 8 and n = 16 for adenovirus-GFP and adenovirus-TGF-β, respectively. *P < 0.05, ***P < 0.0005, 1-way ANOVA followed by Dunnett's multiple comparisons test.
